The influence of genetic polymorphisms in GSTM1 and GSTT1 genes on micronucleus frequencies in human peripheral blood lymphocytes was assessed through a pooled analysis of data from seven laboratories that did biomonitoring studies using the in vivo cytokinesis-block micronucleus assay. A total of 301 nonoccupationally exposed individuals (207 males and 94 females) and 343 workers (237 males and 106 females) occupationally exposed to known or suspected genotoxic substances were analyzed by Poisson regression. The results of the pooled analysis indicate that the GSTT1 null subjects had lower micronucleus frequencies than their positive counterparts in the total population (frequency ratio, 0.55; 95% confidence interval, 0.33-0.89). The protective effect of this genotype is reversed with increasing age, with a frequency ratio of 1.33 (95% confidence interval, 1.06-1.68) in subjects aged 60 years. A significant overall increase in micronucleus frequency with age and gender (P < 0.001 and P = 0.024, respectively) was observed, females having higher micronucleus frequencies than males, when occupationally exposed (P = 0.002). Nonoccupationally exposed smokers had lower micronucleus frequencies than nonsmokers (P = 0.001), whereas no significant difference in micronucleus level was observed between smokers and nonsmokers in the occupationally exposed group (P = 0.79). This study confirms that pooled analyses, by increasing the statistical power, are adequate for assessing the involvement of genetic variants on genome stability and for resolving discrepancies among individual studies. (Cancer Epidemiol Biomarkers Prev 2006;15(5):1038 -42) 
Introduction
The micronucleus frequency in cultured peripheral blood lymphocytes is extensively used as a biomarker of genotoxic exposure and early biological effect in human biomonitoring studies (for review, see refs. [1] [2] [3] [4] [5] . Micronuclei may originate from a lagging acentric chromosomal fragment or from a whole chromosome failing to engage with the mitotic spindle. Consequently, the micronucleus assay provides a measure of both chromosome breakage and chromosome loss. Because micronucleus formation requires nuclear division, the scoring of those cells that have completed nuclear division is a prerequisite for the correct interpretation of the observed micronucleus frequencies. This is achieved by scoring micronuclei in binucleated cells using the cytokinesis-block micronucleus technique (6, 7) .
The number of published articles measuring micronuclei in human populations has dramatically increased in the last decades (8) , and the assay has been very successful despite a certain extent of heterogeneity in the laboratory protocol and especially in the scoring criteria. In recent years, international efforts, such as the Human Micronucleus project (http://www. humn.org), contributed to improve the reliability of the assay, providing guidelines on scoring criteria and analyzing major sources of variability (5, 9-12).
Many studies have been done to investigate the effect of occupational mutagens on micronucleus frequency, but only a few of them have considered the effect of genetic polymorphisms of genes involved in the metabolism of mutagens. The major difficulty in the design of these studies, especially for rare polymorphisms, is the large population size required. To overcome this limitation, pooled analyses are a powerful tool, and recent literature has specifically addressed this issue (13) .
The aim of the present study was to determine through the pooled analysis of a large number of individuals genotyped for GSTM1 and GSTT1 the influence of these common polymorphisms on micronucleus frequency in peripheral blood lymphocytes of the general population and of groups occupationally exposed to known or suspected genotoxic substances.
Materials and Methods
Subjects, Laboratories, Studies, and Data. Data on GSTM1, GSTT1 genotypes, and micronucleus frequencies of the same subjects were collected from seven European laboratories. The database included data from articles already published (14) (15) (16) (17) (18) (19) (20) , and from an unpublished study done at the University of Pisa, Italy (partially published in refs. 21, 22) . 17 Data from 343 workers (237 males and 106 females) exposed to occupational genotoxins (styrene, pesticides, traffic fumes, and organic solvents) and from 301 nonoccupationally exposed individuals (207 males and 94 females) were considered for the pooled analysis. All studies used the cytokinesis-block micronucleus assay in peripheral blood lymphocytes (6) . Methods of genotyping were described in the original articles (14) (15) (16) (17) (18) (19) (20) (21) (22) . Deviations from the Hardy-Weinberg equilibrium were not tested because heterozygous GSTM1 and GSTT1 individuals could not be distinguished from wild type using PCR followed gel electrophoresis. GSTM1 and GSTT1 genotypes were coded as null or positive depending upon the presence of at least one functional allele.
Individual characteristics of subjects included in the analysis (e.g., age, gender, smoking status, presence of disease, exposure to genotoxic agents, laboratory protocols for genotyping and the micronucleus assay, scoring criteria, and micronucleus frequency) were collected from the participating laboratories through a detailed questionnaire adapted from a previous Human Micronucleus project (12) . Age ranged from 16 to 64 years (mean = 39.1 years; SD = 9.4 years) in the nonoccupationally exposed population and from 18 to 64 years (mean = 39.0 years; SD = 9.8 years) in the occupationally exposed population and was comparable for males and females. All individuals examined were Caucasians. Information on alcohol consumption and diet was not available for all studies and, when collected, was too heterogeneous to allow correct standardization in the pooled analysis. Therefore, it was not included in the present study.
Statistical Methods. The influence of genotype, age, gender, exposure status, and smoking status on the frequencies of micronucleated cells per 1,000 binucleated cells was determined using Poisson regression analysis (13) . A scale variable was introduced into the model to account for overdispersion. To take interlaboratory variation into account, a mixed regression model was used; therefore, normalization of interlaboratory data was not necessary (23, 24) . The model included genotype, gender, exposure (occupationally exposed or nonoccupationally exposed), and smoking (classified as smoker or nonsmoker) as fixed factors; age as a continuous covariate; and a term for each study as a random factor. All possible two-way interactions among genotypes, age, gender, exposure, or smoking were tested. In the presence of significant interaction terms, main effects were kept in the model even when not significant.
All analyses were first done in the total population and thereafter stratified by occupational exposure. Frequency ratio (FR), its 95% confidence interval (95% CI), and the corresponding P-values were estimated. For categorical variables, the FR indicates the proportional increase of the micronucleus frequency in the study group; for example, a FR of 1.21 for females versus males means a 21% increase of micronucleus frequency in females. For continuous variables, the FR represents the proportional increase of micronucleus frequency due to the increase of one unit of the variable evaluated; for example, a FR for age of 1.02 means a 2% increase of micronucleus frequency per year of age. The statistical analyses were carried out using statistical routines developed in R version 2.2.0. (http://www.r-project.org/).
Results
The distribution of study subjects by genotype, exposure to genotoxic agents, gender, and smoking status is shown in Table 1 . In the total population, the FR estimated by Poisson regression analysis, including age, gender, smoking status, and exposure as potential confounding factors (Table 2) , showed a significant increase of micronuclei with age (P < 0.001) and in females (P = 0.017). The gender effect was more pronounced in occupationally exposed females compared with exposed males (FR, 1.26; 95% CI, 1.08-1.47). Smokers had lower micronucleus frequencies than nonsmokers (P = 0.004), but when coexposed to occupational genotoxins, smokers and nonsmokers had comparable micronucleus levels (FR, 1.02; 95% CI, 0.93-1.13; derived from Table 2 ). The results of the Poisson logistic regression, taking into account the effect of GSTM1 and GSTT1 polymorphisms, are summarized in Table 3 . This analysis confirmed the overall increase in micronucleus frequency with age and gender (P < 0.001 and P = 0.024, respectively) and the overall decrease in micronucleus frequency in smokers compared with nonsmokers (P = 0.005). The previously described interactions of occupational exposure with gender and smoking status were also confirmed (P = 0.002 and P = 0.019, respectively). GSTT1 null subjects showed a lower micronucleus frequency compared with their positive counterparts (P = 0.016). In addition, the GSTT1 genotype was shown to influence micronucleus frequencies in an age-dependent way (P = 0.011). To illustrate the effect of age as an effect modifier, micronucleus frequencies were calculated for three reference age values (20, 40 , and 60 years), corresponding to approximately the mean and the range of the data distribution. A lower micronucleus frequency was found in GSTT1 null subjects aged 20 years (FR, 0.74; 95% CI, 0.56-0.96), and a higher micronucleus frequency was found in GSTT1 null subjects aged 60 years (FR, 1.33; 95% CI, 1.06-1.68), compared with their positive counterparts (derived from Table 3 ). At age 40, the GSTT1 null genotype had no significant effect on micronucleus frequencies (FR, 0.99; 95% CI, 0.90-1.09). The influence of GSTM1 genotype on micronucleus frequencies was only borderline significant (P = 0.09).
Stratified analysis according to occupational exposure also showed an increase in micronucleus frequency with age and gender, as observed for the total population (Tables 2 and 3 ). Significantly lower micronucleus frequencies were found in smokers compared with nonsmokers for the nonoccupationally exposed individuals (P V 0.001), whereas no such association was observed in the occupationally exposed group (P = 0.8). The age-dependent influence of GSTT1 genotype on the micronucleus frequencies was found only for the occupationally exposed group (P = 0.048). In addition, occupationally exposed subjects carrying both GSTM1 and GSTT1 null genotypes showed lower micronucleus frequencies than their positive counterparts (FR, 0.72; 95% CI, 0.53-0.98).
Discussion
The modifying effect of genetic polymorphisms in GSTM1 and GSTT1 genes on the micronucleus frequency in human lymphocytes was investigated through a pooled analysis of biomonitoring studies done on occupationally exposed populations. To insure the highest statistical power to the study, we restricted the evaluation to those polymorphisms that are more commonly evaluated in population studies and that have the highest frequency in the general population.
Glutathinone S-transferases (GSTs) are considered primarily detoxification enzymes, although metabolic activation involving GST-mediated glutathione conjugation has also been described (e.g., for some chlorinated substrates; ref. 22) . Detoxification by glutathione conjugation can represent a minor (e.g., styrene oxide) or a major (e.g., smoking) metabolic pathway for many genotoxic agents.
The results of this study suggest that the circumstances in which the GSTM1 and/or GSTT1 null genotype modifies micronucleus frequencies depend on the presence of exposure to mutagens and on age. GSTM1 operates in the detoxification of several compounds, such as benzo(a)pyrene and styrene-7,8-oxide, that produce bulky adducts, but does not have a high affinity for substrates resulting from free radical attack on lipid or DNA (25) (26) (27) (28) . GSTT1 catalyzes the conjugation of relatively small molecules, such as methylene chloride, ethylene dibromide, and the epoxides derived from isoprene (29) . Given the importance of GSTs in the detoxification of electrophilic carcinogens, GSTM1 and GSTT1 null genotypes have become the object of much research because homozygous deletions of GSTM1 and GSTT1 are expected to result in an impaired ability to detoxify carcinogenic compounds and may place GSTM1 and/or GSTT1 null individuals at increased cancer risk (30) .
In our study, the GSTT1 null genotype was associated with a significantly lower level of micronucleated cells in the total population; interestingly, the protective effect of the GSTT1 null genotype was reversed in older-age classes in occupationally exposed subjects and in the total population. The effect of the GSTM1 null genotype on micronucleus frequencies was small and only borderline significant. However, subjects carrying both GSTM1 and GSTT1 null genotypes showed lower micronucleus frequencies than their positive counterparts when coexposed to occupational genotoxins (P = 0.039).
To the best of our knowledge, this study is the first one to report about decreased frequencies of micronuclei in GSTT1 null individuals. However, a decreased micronucleus frequency in GSTM1 null subjects was already described by Falck et al. (22) in pesticide-exposed and unexposed floriculturists. Moreover, in a recent review, Parl (30) noted that the relative risk of breast cancer for Caucasian women with the GSTM1 +/+ genotype compared with women with the GSTM1 À/À genotype was 2.82 (31) . As an explanation for this result, he suggested that the combined conjugation activities of all GSTs may lead to glutathione depletion and thereby become counterproductive. Similar considerations may also apply for GSTT1 null individuals. Whether chronic exposure to relatively low levels of genotoxins as encountered in the studied occupational settings could lead to depletion of the glutathione pool and explain the higher frequency of micronuclei in carriers of both GSTM1-and GSTT1-positive genotypes needs further investigation. Table 1 . Distribution of study subjects by genotype, exposure to genotoxic agents, gender, and smoking status Another important finding of this analysis is the observation that women occupationally exposed to genotoxic agents are at higher risk for micronucleus induction than occupationally exposed males. This issue should be further addressed on a larger scale and for specific exposures to define adequate preventive measures in occupational settings.
The significantly lower frequency of micronuclei in nonoccupationally exposed smokers compared with nonsmokers reported in Tables 2 and 3 confirms the results of Bonassi et al. (9) , who in a larger database of 3,501 subjects found a small decrease in micronuclei frequencies in current smokers (all smoking levels combined) among nonoccupationally exposed subjects (FR, 0.95; 95% CI, 0.92-0.99). However, when stratifying by level of smoking, they also found a significant increase in micronuclei frequencies in nonoccupationally exposed heavy smokers (>30 cigarettes per day). In our study, smokers and nonsmokers showed comparable micronucleus levels when coexposed to occupational genotoxins, which might be the result of the combined exposure. Standardized information on the amount of smoking was not available for each study included in this pooled analysis, and we could therefore not stratify by smoking level.
In conclusion, the results of this pooled analysis indicate that GSTT1 null subjects had lower micronucleus frequencies than their positive counterparts in the total population. The individual data sets included in this pooled analysis revealed that the influence of GST genotype on micronucleus frequencies was statistically significant only in two (17, 19) of the eight studies and only for GSTM1. Our finding confirms that pooled analyses, by increasing the statistical power, are adequate for assessing the involvement of genetic variants on genome stability and for resolving discrepancies among individual studies. Table 3 . Poisson regression analysis of the total, nonoccupationally exposed, and occupationally exposed populations taking into account genetic polymorphisms Total population (n = 644)
Nonoccupationally exposed population (n = 301)
Occupationally exposed population (n = 343) 
